Reactions between chlorine atom and acetylene in solid para-hydrogen: Infrared spectrum of the 1-chloroethyl radical J. Chem. Phys. 135, 174302 (2011) .1 (ν 9 ), 691.0 (ν 10 ), 624.3 (ν 11 ), and 597.1 (ν 12 ) cm −1 that are assigned to the 3-propenonyl (·CH 2 CHCO) radical. The assignments are based on the photolytic behavior and a comparison of observed vibrational wavenumbers and infrared intensities with those predicted with the B3PW91/aug-cc-pVDZ method. The observation is consistent with a major radical formation channel CH 2 CHCO + Cl followed by escape of the Cl atom from the original p-H 2 cage. The observation of 3-propenonyl (·CH 2 CHCO) radical but not 3-propenalyl (s-cis-or s-trans-CH 2 CHĊO) radical indicates that the former is the most stable isomer and that the barrier heights for conversion from s-cis-or s-trans-CH 2 CHĊO to ·CH 2 CHCO are small.
I. INTRODUCTION
Acryloyl chloride (CH 2 CHC(O)Cl, also known as propenoyl chloride, acrylyl chloride, or acrylic acid chloride) is a simple α,β-unsaturated chlorocarbonyl compound. Because of the presence of the enone (C=C−C=O) functional group, acryloyl chloride exhibits rich photochemistry with various photolytic paths. It serves as an important building block for further functionalization and an excellent substrate for cross-metathesis in various polymerization, biological, and medical applications. [1] [2] [3] [4] The fission of the C−Cl bond of CH 2 CHC(O)Cl produces Cl atom and C 2 H 3 CO radical, a crucial intermediate that has been proposed in reactions between O atom and propargyl (C 3 H 3 ) radical in combustion and atmospheric chemistry. 5 Extensive experimental investigations on CH 2 CHC(O)Cl have been conducted. These include structural and spectral studies, [6] [7] [8] [9] [10] [11] pyrolysis, 12 photolysis, [13] [14] [15] [16] [17] [18] and photoionization. 19 Quantum-chemical calculations were also performed to predict the enthalpy, vibrational frequencies, electronic states, and reaction paths for isomerization and dissociation of CH 2 CHC(O)Cl. 10, 15, 17, 19, 20 Szpunar et al. employed photofragment translational spectroscopy to investigate the primary and secondary dissociation channels of CH 2 CHC(O)Cl excited at 193 nm. 15 They observed two C−Cl fission channels that produced C 2 H 3 CO with large and small kinetic energies, respectively, but the C 2 H 3 CO radicals produced in both channels had sufficient internal energy to undergo secondary decomposition so that only products C 2 H 3 + CO were detected. Lau et al. excited a) Author to whom correspondence should be addressed. Electronic mail:
yplee@mail.nctu.edu.tw.
CH 2 CHC(O)
Cl at 235 nm, at which most C 2 H 3 CO fragment is stable, and employed two-dimensional product-velocitymap imaging to determine the barrier height for the decomposition of C 2 H 3 CO to C 2 H 3 + CO to be ∼92 kJ mol −1 .
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Because of the similarity in energy, they employed wavelength 157 nm to photoionize all isomeric C 2 H 3 CO fragments formed on photodissociation of CH 2 CHC(O)Cl at 235 nm; no information about the conformation of the C 2 H 3 CO fragments was available. Three conformers of C 2 H 3 CO were predicted to be stable: s-cis-and s-trans-3-propenalyl radicals (also known as prop-2-en-1-one, 1-oxo-2-propenyl, propenyloxy, or propenoyl, designated CH 2 CHĊO in this paper) with the carbonyl group cis-and trans-with respect to the CH 2 group, respectively, and 3-propenonyl (also known as prop-2-en-3-one or 3-oxo-2-propenyl, designated ·CH 2 CHCO in this paper) with a nearly linear CCO group, 21 as shown in Fig. 1 . In this paper we indicate this radical as C 2 H 3 CO when the conformation is unspecified. Early calculations using various methods including CCSD(T)//QCISD/6-311G(d,p) predicted that s-trans-CH 2 CHĊO is the most stable conformer, 21 but recent calculations using CCSD(T)/ aug-cc-pV(Q+d)Z//CCSD(T)/6-311G(2df,p) and the G3 methods predicted that ·CH 2 CHCO is the most stable and that the energy differences among these three conformers are within 8 kJ mol −1 . 16 The potential-energy curves along the torsional coordinate to transform between these three conformers were predicted to be nearly flat, with barriers less than 11 kJ mol −1 .
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No spectral information on gaseous C 2 H 3 CO in any conformation has been reported. Baskir 21 radical, H 2 C = CHCH 2 OO, which was produced upon pyrolysis of 1,5-hexadiene, followed by reaction with O 2 during deposition. 22 Pietri et al. used light of wavelength ≥310 nm from a high-pressure Hg lamp to photolyze CH 2 CHC(O)Cl isolated in an Ar matrix at 10 K and observed IR absorption of only 3-chloro-1,2-propenone, CH 2 ClCHCO, with a characteristic broad feature near 2139 cm −1 ; they ascribed the mechanism of formation to involve 1,3-chlorine migration, and reported no absorption ascribable to CH 2 CHĊO. 14 The formation of only CH 2 ClCHCO in this experiment might be due to the matrix cage effect; 14 upon C−Cl fission, the Cl fragment cannot escape from the original cage so the secondary reaction of Cl + C 2 H 3 CO yields CH 2 ClCHCO. Cui et al. undertook various quantum-chemical calculations to map the potentialenergy surfaces of isomerization and dissociation reactions of CH 2 CHC(O)Cl in its S 0 , T 1 , T 2 , and S 1 states. 20 They indicated that, upon photoexcitation at 310 nm, S 1 → T 1 intersystem crossing is the dominant primary process, which is followed by 1,3-Cl migration along the T 1 path, whereas, for excitation at a wavelength smaller than 230 nm, C−Cl bond cleavage is the exclusive primary channel.
Wu et al. employed time-resolved Fourier-transform infrared (FTIR) absorption spectroscopy to detect the photolysis products of CH 2 CHC(O)Cl in solution upon excitation at 193 or 266 nm. 17 They ascribed the intense feature near 2128 cm −1 with a life time ∼280 μs to CH 2 ClCHCO and a weak line near 1813 cm −1 to CH 2 CHĊO that decays within a few μs; the former was produced from a stepwise mechanism involving dissociation and recombination. The reason that the most stable conformer ·CH 2 CHCO predicted by quantum-chemical calculations is observed neither in a lowtemperature inert-gas matrix nor in a solution remains to be explained.
The quantum solid para-hydrogen (p-H 2 ) has a diminished cage effect that allows the production of free radicals via photofragmentation [23] [24] [25] in situ or bimolecular reactions induced on irradiation. [26] [27] [28] [29] [30] In this work, we have photolyzed a CH 2 CHC(O)Cl/p-H 2 matrix at 3.2 K with laser light at 193 nm and observed absorption lines ascribable to 11 fundamental vibrational modes of 3-propenonyl (·CH 2 CHCO) radical.
II. EXPERIMENTS
As the apparatus and experimental procedures for IR absorption spectra of p-H 2 matrix-isolation are similar to those discussed previously, only a brief description is given. 26, 30 A gold-plated copper block was attached to a closed-cycle refrigerator system and cooled to 3.2 K. It served as both a matrix sample substrate and a reflector of the incident IR beam to the detector. A gaseous mixture of CH 2 CHC(O)Cl/p-H 2 (1/2500-1/3000) was typically deposited at flow rate of ∼14 mmol h −1 over a period of 9 h. IR absorption spectra at resolution 0.25 cm −1 were recorded with a FTIR spectrometer, equipped with a KBr beam splitter and a HgCdTe detector cooled to 77 K; 900 scans were typically averaged after each stage of experiments. The IR beam of the spectrometer was passed through a filter (2.4 μm cutoff) to block light of wavenumber greater than 4000 cm −1 to avoid the reaction of Cl atoms with vibrationally excited H 2 produced upon absorption of the unfiltered IR light. 31 We employed light at 295 nm and 193 nm for photolysis of matrix samples in separate experiments. The 532-nm output (280 mJ pulse −1 ) of a pulsed Nd:YAG laser (Spectra Physics, GCR5, 10 Hz) was used to pump a dye laser (Sirah, Precision Scan) containing a dye solution of sulforhodamine B in methanol to generate visible radiation in the region 585-600 nm. The dye output was then frequency-doubled with a potassium dihydrogen phosphate (KDP) crystal to yield light at 295 nm with energy 5-7 mJ pulse −1 . An ArF excimer laser (Coherent, COMPexPro-50), operated at 10 Hz with energy 3-5 mJ pulse −1 , provided radiation at 193 nm. The light source for secondary photolysis was a KrF excimer laser (248 nm, Lambda Physik, LPX200) operated at 1 Hz with energy 5-8 mJ pulse −1 . The mixing ratios of the precursor and observed photolysis products were estimated according to the expression, 32 c (in ppm) = 2.303 log 10 (I/I 0 )dv
in which the numerator is the integrated line intensity (in cm
is the optical path length through the p-H 2 matrix measured according to the procedure described by . Typically we chose 2-4 absorption lines of one species and averaged the derived mixing ratios; the fitting errors are typically within ±20%, but in cases when only quantum-chemically predicted IR intensities were available the error might be greater.
As acryloyl chloride (96%, Aldrich, containing ∼400 ppm phenothiazine stabilizer) undergoes slow polymerization at room temperature, we applied the freeze-pumpthaw method to remove the impurities before preparation of a sample mixture. The mixing ratio of o-H 2 is estimated to be less than 100 ppm when we cooled the hydrous iron (III) oxide catalyst to ∼12 K.
III. COMPUTATIONS
The geometries, harmonic and anharmonic vibrational wavenumbers, and IR intensities of s-cis/s-trans conformers of CH 2 CHC(O)Cl, CH 2 ClCHCO, and three conformers of C 2 H 3 CO radicals were calculated with the B3PW91 densityfunctional theory 38 , 39 using Dunning's correlation-consistent polarized-valence double-zeta basis set, augmented with s, p, d, and f functions (aug-cc-pVDZ). 40 Vibrational wavenumbers were calculated analytically at each stationary point. The anharmonic effects were calculated with a second-order perturbation approach using an effective finite-difference evaluation of the third and semidiagonal fourth derivatives. All theoretical calculations were conducted with the GAUSSIAN 09 program.
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A. s-cis-and s-trans-CH 2 CHC(O)Cl and CH 2 ClCHC=O
The structural parameters of s-trans-and s-cis-CH 2 CHC(O)Cl and CH 2 ClCHCO optimized with the B3PW91/aug-cc-pVDZ method are shown in Figs. S1(a)-S1(c) in the supplementary material; 42 Table I . A comparison of harmonic and anharmonic vibrational wavenumbers of both conformers is available in Table SI . 42 Harmonic and anharmonic vibrational wavenumbers and relative IR intensities of CH 2 ClCHCO predicted with the B3PW91/aug-cc-pVDZ method are listed in Table II 
B. ·CH 2 CHCO and s-cis/s-trans-CH 2 CHĊO radicals
The C 2 H 3 CO radical has three stable conformers: s-cis and s-trans form of 3-propenalyl (CH 2 CHĊO) with the unpaired electron located on the carbonyl carbon atom and 3-propenonyl (·CH 2 CHCO) with the unpaired electron located mainly on the terminal carbon atom. The geometries of these conformers computed with the B3PW91/aug-ccpVDZ method are shown in Figs. 1(a)-1(c). The structural parameters previously predicted with the QCISD/6-311G(d,p) method are listed in parentheses for comparison. 21 The structures of these isomers are consistent with the previously reported structures, except that Cooksy 21 reported that s-cis-3-propenalyl is planar, whereas our calculations indicate that C=O group bends from the CH 2 CH molecular plane by ∼40
• . The most stable structure among these isomers is the ·CH 2 CHCO radical, which has a linear C=C=O structure. The energies of the s-trans-and s-cis-CH 2 CHĊO radicals relative to ·CH 2 CHCO are 13 and 22 kJ mol −1 , respectively, slightly larger than the values of 8 and 19 kJ mol −1 calculated with the B3LYP/6-311G* method. 21 The experimental enthalpies of formation H f 0 of ·CH 2 CHCO and s-cis/strans-CH 2 CHĊO radicals are unreported; we evaluated H f 0 = −131, −109, and −118 kJ mol −1 for these three conformers at 298 K, respectively.
The harmonic and anharmonic vibrational wavenumbers and relative IR intensities predicted with the B3PW91/aug-ccpVDZ method for ·CH 2 CHCO and s-cis/s-trans-CH 2 CHĊO are listed in Table II 
s-cis-
CH 2 CHĊO and those near 1370, 988, and 962 cm −1 for s-trans-CH 2 CHĊO have intensities greater than 7% of that of the most intense feature.
C. CH 2 CCO
Propadienone, CH 2 CCO, might be produced from CH 2 CHC(O)Cl via elimination of HCl. An analysis of microwave spectra for the vibrational ground state indicates that the equilibrium structure of propadienone belongs to point group C s with the C=C=O moiety slightly nonlinear. 43, 44 as shown in Fig. S2 of the supplementary material; 42 the structural parameters of CH 2 CCO optimized with the B3PW91/aug-cc-pVDZ method are also shown for comparison. The anharmonic vibrational wavenumbers and IR intensities for CH 2 CCO calculated with the B3PW91/aug-ccpVDZ method are listed in Table II 
IV. EXPERIMENTAL RESULTS
A. CH 2 CHC(O)Cl/p-H 2 matrices
The IR spectrum of a sample of CH 2 CHC(O)Cl/p-H 2 (1/3000) at 3.2 K is shown in Fig. 2(a) 14 We irradiated the matrix sample at 295 nm and also found that the s-trans conformer was converted to the scis-conformer. A difference spectrum obtained on subtracting the spectrum of a CH 2 CHC(O)Cl/p-H 2 matrix recorded upon deposition [ Fig. S3(a) ] from that recorded after irradiation with light at 295 nm for 2 h is presented in Fig. S3(b 14) and (150 ± 10) ppm according to Fig. S3(a) ; assuming a Boltzmann distribution at 298 K, the ratio of 0.52 ± 0.14 corresponds to an energy difference of 1.6 ± 0.7 kJ mol −1 , slightly greater than the reported value of 1.0 kJ mol −1 determined from electron diffraction, 8 but within experimental uncertainties. After irradiation of the matrix sample at 295 nm for 2 h, the mixing ratios were found to be approximately (103 ± 16) and (84 ± 4) ppm for s-cis and s-trans conformers, respectively, according to Fig. S3(b) , 42 indicating that some CH 2 CHC(O)Cl was photolyzed at this wavelength.
B. Photolysis of CH 2 CHC(O)Cl/p-H 2 matrices at 193 nm
When the CH 2 CHC(O)Cl/p-H 2 (1/3000) matrix sample at 3.2 K was irradiated with light at 193 nm, lines due to s-cisand s-trans-CH 2 CHC(O)Cl decreased and new IR features in several groups appeared. A difference spectrum obtained on subtracting the spectrum recorded upon deposition from that recorded upon irradiation for 70 min is presented in Fig. 2(b) ; lines pointing upwards indicate production, whereas the most intense parts of the downward lines due to destruction of the precursor are truncated. We performed secondary photolysis with several light sources to distinguish lines from various carriers. For comparison, we present in Fig. 2(c) a difference spectrum obtained on subtracting the spectrum in Fig. 2(b) from that recorded upon secondary photolysis at 248 nm for 10 min.
These new features in Fig. 2(b) are separated into several groups. Intense lines observed near 2145.9, 2142.9, 2140.6, and 2137.6 cm −1 are assigned to CO; these line positions are similar to those reported for rotational lines of CO isolated in p-H 2 . 45 Lines of groups A, B, and C, listed in Table III , are readily assigned to C 2 H 2 , C 2 H 4 , and C 2 H 5 , according to literature reports; they are directly marked as "C 2 H 2, " "C 2 H 4 ," and "C 2 H 5 " in Fig. 2(b −1 appeared upon photolysis at 193 nm but their intensities decreased upon secondary photolysis at 248 nm. These lines, denoted as group X and indicated with "X" in Fig. 2 , match no known absorption lines of possible products. They are assigned to 3-propenonyl (·CH 2 CHCO) radical, to be dis- Table II .
FIG. 3. Mixing ratio profiles as a function of photolysis period at 193 nm for precursors and photolysis products. (a) s-cis-CH 2 CHC(O)Cl and s-trans-
We estimated the changes in mixing ratios of s-trans-CH 2 CHC(O)Cl, s-cis-CH 2 CHC(O)Cl, and ·CH 2 CHCO after irradiation at 193 nm for 70 min (Fig. 2(b) ) to be approximately −(12 ± 2), −(5.5 ± 1.0), and (11 ± 2) ppm, respectively; the errors reflect only standard deviations in fitting. The temporal evolutions in the mixing ratios of these species are shown in Fig. 3 . Upon secondary photolysis at 248 nm ( Fig. 2(c) 48 respectively. Because only the most intense features (C=O stretching mode) of these species were observed, these assignments are tentative. According to Fig. 2(b) , we estimated the mixing ratios of C 2 H 2 , C 2 H 4 , C 2 H 5 , C 2 H 3 Cl, CH 2 ClCHCO, and CO after photolysis of the matrix at 193 nm for 70 min to be approximately (2.2 ± 0.2), (1.2 ± 0.1), (4.9 ± 0.9), (0.3 ± 0.1), (0.4 ± 0.1), and (4.6 ± 0.7) ppm. The temporal evolution of the mixing ratios of these species as a function of photolysis duration is shown in Fig. 3 . Original difference spectra are shown in Fig. S4 of the supplementary material. 42 Photolysis with light of additional wavelengths was also conducted. When a light-emitting diode (365 nm, 200 mW) was used, we observed no new product. When the light of a medium-pressure mercury lamp filtered to pass the spectral range 313 ± 10 nm was used, only two weak lines at 2103 and 2140 cm −1 were observed. We performed photolysis also at 266 nm, but the products were more complicated and the yield of lines in group X (·CH 2 CHCO) is much smaller. Because the main purpose of this paper is to identify IR spectrum of ·CH 2 CHCO, we discuss only the photolysis experiments of CH 2 CHC(O)Cl at 193 nm.
V. DISCUSSION
The UV absorption cross section of CH 2 CHC(O)Cl is unreported; we have calculated it to be ∼1. near 200 nm using time-dependent density-functional theory (TD-DFT). The s-trans → s-cis isomerization of CH 2 CHC(O)Cl was reported to occur upon photolysis with wavelength greater than 310 nm. 14 We also observed such conversion upon irradiation of the matrix sample at 295 nm, but we were unable to convert all s-trans-CH 2 CHC(O)Cl to s-cis-CH 2 CHC(O)Cl after irradiation for 2 h.
According to Szpunar et al., the major channel upon photolysis of CH 2 CHC(O)Cl in a molecular beam at 193 nm is the fission of the C−Cl bond; all C 2 H 3 CO radicals thus produced have enough internal energy to undergo subsequent dissociation to form CH 2 CH + CO. 15 A minor channel for formation of HCl + CH 2 CCO was also observed, and all CH 2 CCO (propadienone) underwent secondary dissociation to form CH 2 C: + CO. Because energy quenching is expected to be efficient in solid p-H 2 , the primary products C 2 H 3 CO and CH 2 CCO might be stabilized under our experimental conditions; hence CH 2 CCO and three possible conformers, s-cis-CH 2 CHĊO, s-trans-CH 2 CHĊO, and ·CH 2 CHCO, of C 2 H 3 CO are the possible carriers of the newly observed lines in group X.
A. Assignment of lines in group X to the 3-propenonyl (·CH 2 CHCO) radical
Baskir and Nefedov reported infrared spectra of s-cis and s-trans-CH 2 CHĊO radicals obtained after UV (λ > 248 nm) photolysis of H 2 C = CHCH 2 OO in an Ar matrix. 22 They reported characteristic intense lines at 1832.0 and 1823.1 cm
for the CO stretching mode of s-cis-and s-trans-CH 2 CHĊO, respectively, with the latter being more intense; additional weak lines at 1094.4, 975.3, and 870.7 cm −1 were also assigned to CH 2 CHĊO. There is no report of an IR spectrum of the ·CH 2 CHCO radical. Chapman et al. reported IR spectrum of propadienone (CH 2 CCO) in Ar or N 2 matrices; CH 2 CCO was prepared by pyrolysis of gaseous 3-diazo-2,4(5H)-furadione. 47 The most intense line observed at 2125 cm −1 corresponds to the C=C=O antisymmetric stretching mode; other reported lines are listed in Table II .
The intensities of absorption lines in group X, listed as relative values in Table II , increased rapidly during irradiation in the first 15 min and increased less rapidly afterwards; those of other lines are smaller than 7% of the most intense one at 2103.1 cm −1 . Upon secondary photolysis at 248 nm, the intensities of these lines in group X decreased whereas those of lines of C 2 H 5 , C 2 H 4 , and CO increased.
No reported species has a spectral pattern similar to that observed for lines in group X. We observed a characteristically intense line near 2103.1 cm −1 in group X, but no significant absorption near the 1830 cm −1 region. The wavenumber of this line is near that of the line at 2125 cm −1 of CH 2 CCO, but other reported lines of CH 2 CCO (Table II) do not match with other lines in group X. 47 Furthermore, a line observed at 2122.4 cm −1 (Fig. 2(b) ) is near the line at 2125 cm −1 reported for CH 2 CCO isolated in solid Ar. We observed also a weak IR absorption feature of CH 3 CHCO at 2129.2 cm −1 , of which the intensity increased significantly upon IR irradiation of the193-nm-irradiated matrix; the corresponding line was reported to be 2130 cm −1 in an Ar matrix. 48 Another weak line observed at 2141.4 cm −1 is assigned to CH 2 ClCHCO; the corresponding value is reported as (2143.6−2138.0) cm −1 in an Ar matrix. 14 The wavenumber of the observed intense line at 2103.1 cm −1 that is slightly smaller than those of ketene (2142.0 cm −1 ), 49 CH 2 ClCHCO (2141.4 cm −1 ), CH 2 CCO (2125 cm −1 ), and CH 3 CHCO (2129.2 cm −1 ) but greater than those of s-cis-and s-trans-CH 2 CHĊO indicates that the most likely carrier of this line in group X is ·CH 2 CHCO; this observation is consistent with the calculated bond length of 1.169 Å for CO in ·CH 2 CHCO, slightly greater than 1.164 Å in CH 2 ClCHCO but much smaller than corresponding values 1.188/1.190 Å in s-cis/s-trans-CH 2 CHĊO.
In Fig. 4(a) we inverted the difference spectrum obtained upon secondary photolysis at 248 nm for 10 min (Fig. 2(c) ) so that lines in group X are pointing upward; the negative lines are truncated and regions due to interference by absorption of CH 2 CHC(O)Cl and secondary products are marked with grey. In Figs. 4(b)-4(f) we plot IR spectra of ·CH 2 CHCO, CH 2 ClCHCO, CH 2 CCO, s-cis-CH 2 CHĊO, and The observed wavenumbers and relative IR intensities of lines in group X agree satisfactorily with those predicted for ·CH 2 CHCO radical (Fig. 4(b) ), but neither CH 2 ClCHCO nor CH 2 CCO (Figs. 4(c) and 4(d) 12 . After considering the observed photolytic behavior upon primary and secondary photolysis of a CH 2 CHC(O)Cl/p-H 2 (1/3000) matrix at 3.2 K and the agreement in vibrational wavenumbers and relative IR intensities between lines in groups X and those predicted quantum-chemically, we assigned these new features in group X to IR absorption of the 3-propenonyl (·CH 2 CHCO) radical.
B. Photolytic mechanism of CH 2 CHC(O)Cl in solid p-H 2
The enthalpies of reaction for the fission of the C−Cl bond of CH 2 CHC(O)Cl was calculated to be 348 and 342 kJ mol −1 for formation of s-cis-CH 2 CHĊO and s-trans-CH 2 CHĊO conformers, respectively, with the G3//B3LYP method. 15 The C−Cl bond fission of CH 2 CHC(O)Cl is known to occur on the singlet S 1 surface;
13, 20 the S 1 ← S 0 transition origin was calculated to be 353 and 457 kJ mol −1 according to the MRCI//CASSCF/cc-pVDZ and the MP2/6-31G* methods, respectively. 20, 14 Five primary dissociation channels are possible:
→ CH 2 ClCHCO.
Reaction (2) is associated with a four-center elimination, whereas reaction (5) To derive a photolysis mechanism based on results of continuous photolysis experiments in a solid matrix is difficult because the matrix cage effect and secondary photolysis might play important roles to obscure the results from the primary processes. To examine the temporal evolution of all photodissociation products, we plot in Fig. 3 we observed an insignificant absorption feature of Cl at 943.7 cm −1 due to its small concentration; an upper limit of the mixing ratio of Cl atom was estimated to be 230 ppm when a maximum of integrated absorbance of 0.005 cm −1 and the gas-phase transition strength of 9.45 × 10 −26 km molecule
was used. 50 This spin-orbit transition of Cl is too weak to be a suitable probe of Cl atoms produced in our experiments.
To estimate the branching ratios among channels (1)- (5), we should consider the mixing ratios of the primary products that undergo negligible secondary reactions and also cannot be produced via secondary reactions. Our best choices are ·CH 2 CHCO, CH 2 CCO, ClCO, and CH 2 ClCHCO for channels (1)-(3) and (5); for channel (4), because C 2 H 3 Cl dissociates readily at 193 nm and because CO might be produced from other secondary processes, we used CO to derive the upper limit. Because ·CH 2 CHCO, CH 2 CCO, ClCO, and CH 2 ClCHCO might also undergo secondary photolysis, the corresponding values should be taken as lower limits. As calculated IR intensities might have large errors, the branching ratios estimated here might also have errors as large as a factor of 2. After irradiation with light at 193 nm for 15 min, we estimated the mixing ratios of ·CH 2 CHCO, CH 2 CCO, ClCO, CO, and CH 2 ClCHCO to be approximately (4.4 ± 0.4), (0.15 ± 0.02), (0.02 ± 0.01), (0.54 ± 0.08), and (0.17 ± 0.03) ppm, with a branching ratio (0.83 ± 0.07):(0.03 ± 0.01):(0.004 ± 0.002):<(0.10 ± 0.02):(0.03 ± 0.01) for channels (1)-(5); the errors reflect only the standard deviations of the fitting among several lines of each species. The detailed mechanism for formation of secondary products and the estimation of branching ratios are presented in the supplementary material. 42 Perhaps the most significant result from the estimation of branching ratios is that channel (1) is dominant upon photodissociation at 193 nm, and other channels likely have branching ratios less than 10%. Although Szpunar et al. estimated the branching ratio of channels (1) to (2) to be ∼3-1 when CH 2 CHC(O)Cl in a molecular beam was irradiated at 193 nm, 15 they reported that it was only a rough estimate because of possible errors. Szpunar et al. could not identify the conformation of C 2 H 3 CO; the two distributions of translational energy for the C−Cl fission processes were attributed to dissociation along the electronically excited surface and the ground surface. In this work we observed IR absorption of the ·CH 2 CHCO radical, whereas absorption of neither s-cis-CH 2 CHĊO nor s-trans-CH 2 CHĊO was identified. This condition is consistent with the quantum-chemical calculations that predict the most stable isomer to be ·CH 2 CHCO and the barriers for conversion from CH 2 CHĊO to ·CH 2 CHCO to be small, <11 kJ mol by Baskir and Nefedov is not inconsistent with our observation, because these features were observed upon photolysis of allylperoxy, H 2 C=CHCH 2 OO, 22 not from CH 2 CHC(O)Cl. Furthermore, their reported vibrational wavenumbers agree unsatisfactorily with theoretical calculations listed in Table II . To decipher these discrepancies, similar experiments capable of observation of more lines are desirable. The observation of only 3-chloro-1,2-propenone, CH 2 ClCHCO, with a characteristic broad feature near 2139 cm −1 by Pietri et al. upon photolysis of CH 2 CHC(O)Cl isolated in an Ar matrix at 10 K with light ≥310 nm from a high-pressure Hg lamp might be due to secondary reaction of Cl + C 2 H 3 CO because of the cage effect.
14 Our observation of ·CH 2 CHCO rather than CH 2 ClCHCO demonstrates again the advantage of a diminished cage effect of p-H 2 to produce free radicals via photolysis in situ.
VI. CONCLUSION
Photodissociation at 193 nm of CH 2 CHC(O)Cl isolated in solid p-H 2 has been investigated using IR absorption spectroscopy. IR lines of the 3-propenonyl (·CH 2 CHCO) radical were identified with a characteristic intense feature at 2103.1 cm −1 (C=C=O antisymmetric stretch) and 11 weaker features including more significant ones at 3048.0 (ν 3 , CH stretch), 691.0 (ν 10 , CH out-of-plane bend), and 597.1 cm −1 (ν 12 , CH 2 wag). The experimentally observed fundamental line positions are new and their wavenumbers and relative IR intensities agree satisfactorily with those predicted with the B3PW91/aug-cc-pVDZ method for ·CH 2 CHCO. Our observation of the ·CH 2 CHCO radical rather than CH 2 CHĊO is consistent with theoretical predictions indicating that ·CH 2 CHCO is the most stable isomer and that the isomerization barrier from CH 2 CHĊO to ·CH 2 CHCO is small. The observation of ·CH 2 CHCO from photolysis of CH 2 CHC(O)Cl rather than CH 2 ClCHCO reported for photolysis of CH 2 CHC(O)Cl in solid Ar clearly illustrates that solid p-H 2 has a diminished cage effect, so that the Cl atom might escape from the original cage and ·CH 2 CHCO becomes isolated.
